Objective: The objective of this study was to systematically evaluate the molecular basis of the association between visceral fat mass and plasma plasminogen activator inhibitor-1 (PAI-1) levels in man. Design: A comprehensive approach comprising observational, in vitro, and human intervention studies.
Introduction
Plasma levels of the plasminogen activator inhibitor-1 (PAI-1) correlate with body mass; and obesity, in particular visceral obesity, is associated with elevated PAI-1 plasma levels.
1,2 Increased PAI-1 levels are responsible for the impaired fibrinolysis that accompanies obesity and presumably contribute to increased cardiovascular risk in overweight and obese individuals. 3 Moreover, the apparent association between PAI-1 plasma levels, and insulin resistance 4 and incident type 2 diabetes mellitus 5 characterizes PAI-1 as a biological marker of the metabolic risk that accompanies (visceral) obesity.
Despite a large body of epidemiological and experimental evidence in support of a direct link between (visceral) adipose tissue and plasma PAI-1 levels, 1, 2, 6 clinical evidence is less obvious and the molecular basis for the association between (visceral) adipose tissue and plasma PAI-1 levels in man is still unclear. 7 The most obvious explanation for the association between plasma PAI-1 levels and visceral adipose tissue is a direct link in which the elevated plasma PAI-1 levels in (visceral) obesity result from PAI-1 release from (visceral) fat mass. 6 Support for such a direct association largely stems from animal and in vitro data, 6 but evidence for such a mechanism in humans is still missing. A second, more indirect, explanation for the relationship is release of an inflammatory 'mediator', such as tumor necrosis factor (TNF)a or IL-1, 8 from visceral fat, which induces PAI-1 production outside visceral fat. Then again, evidence is largely derived from animal studies and human data in support of such a mechanism is inconclusive. 9 A third explanation for the association between PAI-1 levels and visceral obesity would be that the association reflects a common cause outside the visceral fat compartment that underlies both accumulation of visceral adipose tissue as well as the elevated PAI-1 levels. Such a mechanism could involve metabolic factors such as increased circulating free fatty acids (FFAs) or triglycerides. 10 Thus, in spite of the important role of PAI-1 in the metabolic risk associated with (visceral) obesity, the source and mechanisms of increased PAI-1 in obesity are incompletely understood. In this paper, we systematically evaluated the three possible explanations for the association between (visceral) adipose tissue and plasma PAI-1 levels in man.
Methods
All clinical studies were approved by the Medical Ethical Committee of the Leiden University Medical Center.
Patients
The following substudies were used to explore the putative association between visceral adipose tissue and plasma PAI-1 levels:
Associations between plasma PAI-1 levels and anthropometric measures of adiposity and fat distribution as well as between plasma PAI-1 levels and the various components of the metabolic syndrome were explored in a well characterized group of premenopausal normal-weight (n ¼ 8, body mass index (BMI) 22 who had been carefully selected to cover a wide range of WHRs. Women were randomly assigned to 250 mg acipimox or placebo in a double-blind crossover design by an independent investigator. The study was performed on two separate occasions in the early follicular state of the menstrual cycle with an interval of at least 8 weeks. Drug or placebo was taken four times daily (0100 and 0700 and 1300 and 1900 hours, respectively), starting 36 h before the first blood sampling. Eucaloric standard meals were prescribed during the study periods.
To test for a direct relationship between the hyposomatropism in visceral obesity and elevated PAI-1 levels, we evaluated the effect of a single infusion human growth hormone (GH) ( ) premenopausal women (age 35.0711.4 (mean7s.d.) years). Women were randomly assigned to GH or placebo in a double-blind crossover design by an independent investigator. The study was performed on two separate occasions in the early follicular state of the menstrual cycle with an interval of at least 8 weeks. Infusion of GH was started at 0800 hours (t ¼ 0) and blood samples for PAI-1 analysis were obtained at t ¼ 0, 1 and 7 h (1500 hours). To limit confounding by nutritional factors, eucaloric standard meals were prescribed during the study periods.
Anthropometrics, fat distribution
All anthropometric measurements were made with the subjects wearing underwear. Body weight was rounded to the nearest 0.1 kg and body height measured to the nearest 0.1 cm using a wall-mounted stadiometer. Fat distribution was assessed by magnetic resonance imaging. For the visceral fat mass, transverse abdominal scans were made at three levels with each scan 10 mm thick and a gap of 2 mm between levels. The highest scan was at the level of the cranial intervertebral facies of the forth lumbar vertebra. Similar scans were made at the level of the hip with the upper scan taken at the superior margin of the major trochanter. Images were analyzed on a SUN workstation and the visceral, abdominal subcutaneous, femoral subcutaneous and total (sum abdominal and subcutaneous fat area) subcutaneous adipose tissue areas were calculated.
Blood and adipose tissue sampling
For the adipose tissue sampling 2-5 g visceral and (abdominal) subcutaneous adipose tissue was obtained immediately after exposure of the visceral adipose tissue. Samples were snapfrozen in liquid N 2 and stored at À701C until further analysis.
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All blood sampling was performed at 0800 hours after an overnight fast. Blood samples were immediately put on melting ice and centrifuged within 1 h of sampling. Plasma was stored at À701C until analysis.
Blood sampling in the reference group was performed under highly standardized testing conditions (such as dietary lead in, standardized iso-caloric diet, follicular phase of the menstrual cycle). 12 Assessment of arteriovenous concentration differences over the omentum, the largest visceral fat depot, was performed immediately on exposure of the omentum during elective transabdominal aneurysm repair. A 21-G winged needle infusion set (Venisystes, Abbott, Hoofddorp, The Netherlands) was retrogradely inserted in one of the principal veins draining the omentum. Retrograde blood flow during aspiration was prevented by manual compression of the distal part of the vein. Arterial blood samples were simultaneously drawn from the intra-arterial line, routinely inserted during aneurysm repair. Blood was gently drawn in a sterile 5 ml Sarstedt Monovette CTAD container and directly placed on ice. Blood samples were centrifuged at 41C (10 min, 1200 g), and the extracted plasma recentrifuged (10 min, 10 000 g) and stored at À701C until further analysis.
Sequential blood sampling for integrated 24-h GH levels and FFA rhythm was performed as follows: a 20-gauge cannula was placed in an antecubital vein. Starting 1 h after insertion of the cannula (0700 hours), blood was drawn though a constant withdrawal pump (Conflo, Carmeda AB, Taeby, Sweden) into heparinized reservoir tubes. Tubes were changed every 10 min over a 24-h period. All samples were centrifuged within the hour of sampling and plasma stored at À701C. Plasma GH and FFA levels were measured every 10 and 20 min, respectively.
Serum and plasma measurements
Serum total cholesterol and triglycerides were measured with a fully automated Hitachi 704 system and highdensity lipoprotein (HDL) cholesterol was determined on a Hitachi 911 (Boehringer Mannheim, Almere, The Netherlands). Low-density lipoprotein (LDL) cholesterol was calculated with the Friedewald formula. 13 GH concentrations were measured with a sensitive time-resolved fluoroimmunoassay (Wallac, Turku, Finland), specific for the 22-kDa GH protein, and plasma FFA levels were determined by the NEFA-C FFA kit (Wako Chemicals, Neuss, Germany). Plasma IL-1a, IL-6, TNFa, transforming growth factor-b (TGFb), soluble intercellular adhesion molecule-1 (sICAM-1) and tissue plasminogen activator (tPA) were assessed by commercially available ELISA kits: PeliKane compact kit (CLB, Amsterdam, the Netherlands) for IL-6, HS Quantikine (R&D Systems, Abingdon, UK) for IL-1a, TNFa, TGFb and ICAM-1 and Imulyse (Biopool, Umeå, Sweden) for tPA. PAI-1 antigen was measured by a specific in-house sandwich ELISA.
12
Adipose tissue explants Adipose tissue from subcutaneous area (from the abdominal wall) and visceral area (omentum) was obtained immediately after exposure of the omentum. Tissue was directly placed in ice-cold RPMI medium and processed within the hour of sampling. Adipose tissue was rinsed once with cold RPMI and chopped into small pieces (1 mm   3 ) with a McIlwain tissue chopper (Mickle laboratory Engineering Co., Gromshell, UK), and subsequently incubated (100 mg tissue/ml) in RPMI-N-2-hydroxyethylpiperazine-N 0 -2-ethanesulfonic, supplemented with 1% (w/v) human serum albumin (CLB), glutamine, penicillin and streptomycin. Incubations were carried out for 19 h at 371C in a 95% O 2 and 5% CO 2 atmosphere. At fixed time points, medium samples were drawn and replaced by an equal amount of fresh medium. Samples were immediately centrifuged and stored at À701C. At the end of the incubation, supernatants were collected, centrifuged to remove the debris and snap-frozen in liquid nitrogen. Adipose tissue explants were washed once with ice-cold phosphate-buffered saline, superficially dried and snap-frozen in liquid nitrogen.
Real time competitive lightcycler PCR for PAI-1, TNFa and IL-6
Real time PCR was performed according to the Taqman method of Applied Biosystems (Nieuwerkerk aan de IJssel, The Netherlands), using a combination of a forward and a backward primer and a specific (6-carboxy-fluorescein/ 6-carboxy-tetramethyl-rhodamine) double-labeled probe. Specific amplicons were chosen according to the manufacturer's recommendations; mRNA was expressed relative to glyceraldehyde phosphate dehydrogenase (GAPDH) levels. Probes and primers were obtained from Isogen (Maarsen, The Netherlands) and the VIC-labeled GAPDH primer-probe combination was purchased from Applied Biosystems.
Statistics
Values are given as mean7s.d. or median and range when indicated. All calculations were performed using the SPSS 11.5 statistical package. GH and HDL cholesterol values were normalized by using inverse (i.e., 1/GH or 1/HDL) concentrations. Differences in results were determined by a paired t-test or Wilcoxon rank-order test for paired observations when applicable. Correlation, multiple regression and partial correlation analysis were used to assess the degree of association between various anthropometric indices and PAI-1 plasma levels. P values less than 0.05 were considered significant.
Results
PAI-1 plasma levels exclusively relate to visceral adipose tissue but not any other anthropometric measure of adiposity of body-fat distribution The relationship between PAI-1 plasma levels and the anthropometric measures of adiposity and fat distribution Human visceral adipose tissue and PAI-1 JHN Lindeman et al was evaluated in a group of 23 normal-weight to moderately obese women ('reference group'), who were carefully selected to cover a broad spectrum of body-fat distribution (Table 1) . This evaluation confirmed reported associations between plasma PAI-1 and measures of visceral fat mass (visceral fat area, WHR (Table 2) ) and indicated a borderline significant relationship between plasma PAI-1 and measures of overall adiposity (BMI, % fat mass, Table 2 ). No relationship was found between plasma PAI-1 levels and the different measures of subcutaneous fat mass (Table 2 ). Further analysis of relationship between PAI-1 plasma levels and the different measures of fat distribution and adiposity in a multiple regression model incorporating BMI, and visceral and subcutaneous fat mass, showed that plasma PAI-1 levels exclusively relate to the visceral fat area.
Visceral adipose tissue is not a relevant source of plasma PAI-1 Prominent PAI-1 release from adipose tissue explants has frequently been used to demonstrate PAI-1 production by adipose tissue. Our incubation experiments confirmed PAI-1 production from adipose tissue explants and the superior production by visceral adipose tissue explants. Yet, we found indications that PAI-1 release from adipose tissue explants relates to an in vitro artifact. First, over the wide range of BMIs tested, PAI-1 mRNA expression was found to be similar and low in native, snap-frozen adipose tissue (number of normalized amplification cycles (C t values): 28.1 (0.9) and 27.9 (2.0) (mean (s.d.)) in subcutaneous and visceral adipose tissue, respectively), and contrary to expectations we observed an inverse relationship between adipose tissue PAI-1 expression and BMI (r ¼ -0.85 (Po0.01) and À0.49 (P ¼ 0.08) for visceral and subcutaneous adipose tissue, respectively). Second, significant PAI-1 release from subcutaneous adipose tissue explants apparently contrasts with in vivo data of Yudkin et al.
14 showing that human subcutaneous adipose tissue does not release PAI-1. Third, PAI-1 production by adipose tissue explants is preceded by several hour lag-phase with minimal PAI-1 protein release that is followed by an exponential increase in PAI-1 protein production and a concomitant several 100-fold increase in PAI-1 mRNA expression (data not shown).
Owing to these controversial findings, it was decided to validate the in vitro findings through evaluation of in vivo PAI-1 release from visceral adipose tissue (arteriovenous concentration differences over the omentum, the principal visceral fat compartment). Although FFA, leptin and IL-6 release from visceral adipose tissue (Table 3 ) confirmed the validity of the method, we found no evidence for net PAI-1 release from visceral adipose tissue (Table 3) , indicated by similar and highly correlated (r ¼ 0.95, Po0.001) PAI-1 levels in arterial and postomental venous blood. Hence, our findings exclude visceral adipose tissue as a relevant direct source of circulating PAI-1.
Visceral adipose tissue is not a relevant source of proinflammatory cytokines
The role of (visceral) adipose tissue as an ample source of proinflammatory cytokines, in particular TNFa, is widely acknowledged. PAI-1 gene expression is strongly stimulated by a number of proinflammatory cytokines including TNFa. Hence, production and release of such a proinflammatory factor from visceral adipose tissue and the subsequent induction of PAI-1 outside the fat compartment could underlie the association between visceral adipose tissue and plasma PAI-1. We evaluated TNFa mRNA expression in native visceral and subcutaneous adipose tissue and found low and similar TNFa mRNA expression in both fat compartments over the broad range of BMIs tested (data not shown). These findings seemingly conflict with the concept of (visceral) adipose tissue as a prominent source of circulating TNFa. We therefore analyzed TNFa release from visceral adipose tissue Human visceral adipose tissue and PAI-1 JHN Lindeman et al in vivo and measured arteriovenous concentration differences over the omentum. As shown for PAI-1, similar and highly correlated (r ¼ 0.97, Po0.001) TNFa levels were found in paired arterial and postomental venous plasma (Table 3) , and our findings thus exclude visceral adipose tissue as a relevant source of circulating TNFa. Analogous results were obtained for IL-1 and TGFb (Table 3) , two other established inflammatory inducers of PAI-1, excluding visceral adipose tissue as a relevant source of circulating IL-1 and TGFb. These data, along with the absence of PAI-1 release and release of sICAM-1 (Table 3) , a sensitive marker of proinflammatory activity, from visceral adipose tissue do not identify human visceral adipose tissue as a proinflammatory environment and as a relevant source of proinflammatory mediator(s) that could result in the induction of PAI-1 production outside the fat compartment.
PAI-1 plasma levels do not relate to the increased FFA availability or to the secondary GH deficiency that accompanies visceral obesity The previous studies exclude visceral adipose tissue as a relevant source of circulating PAI-1 or as a source of inflammatory mediators, able to induce PAI-1 outside the fat compartment. We therefore sought evidence for a metabolic link between visceral adipose tissue and PAI-1. Accumulation of visceral adipose tissue has been associated with several metabolic disturbances including increased FFA availability, GH deficiency and dyslipidemia (elevated LDL cholesterol and triglycerides along with decreased HDL cholesterol), which have all been associated with elevated plasma PAI-1 levels. We found net release of FFA from the visceral adipose tissue (Table 3 ) and confirmed increased FFA availability in women with upper body (visceral) obesity (Figure 1) . To evaluate a possible role of FFA as metabolic link between visceral adipose tissue and plasma PAI-1, we lowered plasma FFA levels in obese volunteers through short-term treatment with the antilipolytic drug acipimox. Although 36 h acipimox treatment reduced mean 24 h plasma FFA levels (0.5270.12 versus 0.4070.09 mmol/l (mean7s.d.), before and after acipimox, respectively), it did not influence plasma PAI-1 plasma levels: 14.9 (9-87) versus 14.6 (6-61) mg/l (median (range), P ¼ NS).
Abdominal obesity is characterized by secondary GH deficiency. Elevated PAI-1 levels are found in primary GH deficiency. We explored a possible association between integrated 24 h GH and plasma PAI-1 levels and found robust inverse relationships between 24 h GH concentration and visceral fat mass (À0.73, Po0.001) and 24 h GH concentration and plasma PAI-1 levels (r ¼ -0.58, Po0.01). Further analyzes of the relationships by a multiple regression model retained integrated 24 h GH levels but excluded visceral fat as variant. Evidence was sought for a direct link between GH deficiency and elevated PAI-1 levels, and we tested whether normalization of plasma GH levels through a single, adequate, bolus GH directly influenced PAI-1 levels. Figure 2 shows that this intervention did not reduce plasma PAI-1 levels but, on the contrary, resulted in a moderate increase in plasma PAI-1 levels in the group of obese women. Hence, these experimental findings along with findings for the acipimox intervention 15 exclude GH deficiency as the direct cause of elevated PAI-1 levels in individuals with visceral obesity.
PAI-1 plasma levels and visceral fat mass are covariants and relate to impaired lipid handling Dysregulation of lipid metabolism resulting in elevated triglycerides and LDL cholesterol as well as decreased HDL Human visceral adipose tissue and PAI-1 JHN Lindeman et al is another prominent characteristic of visceral obesity and close relationships are found between visceral fat mass and these variables (Table 4) . We analyzed possible correlations between plasma PAI-1 and these variables and found a strong positive relationship between PAI-1 levels and plasma triglycerides on the one hand and an inverse relationship between PAI-1 levels and plasma HDL cholesterol (Table 4) on the other. No relationship was found between plasma PAI-1 and total or LDL cholesterol. Incorporation of triglycerides, HDL cholesterol, along with integrated GH levels and visceral fat area as covariants for PAI-1 in a multiple regression model retained plasma triglycerides and HDL cholesterol as dependent variables, yet significance was lost for visceral fat area or integrated GH secretion. Further evaluation of the relationships between PAI-1 plasma levels and triglycerides and HDL through assessment of partial correlations for the relationships between plasma PAI-1 and triglycerides and HDL cholesterol (after correction for HDL or triglycerides, visa versa) showed that this did not influence the individual relationships between plasma PAI-1, triglycerides and HDL cholesterol. Indicating that the observed relationships between these factors reflect a common pathway that results in elevated PAI-1 and triglyceride and reduced HDL cholesterol plasma levels.
Discussion
In this study, we sought insight in the molecular basis for the association between visceral adipose tissue and circulating PAI-1. We corroborated the strong relationship between visceral adipose tissue and plasma PAI-1 levels and confirmed in vitro data showing increased PAI-1 production by visceral adipose tissue explants. However, low and similar PAI-1 mRNA expression in subcutaneous and visceral adipose tissue, along with absent arteriovenous PAI-1 concentration differences across visceral adipose fat in vivo, exclude visceral fat as a relevant direct source of circulating PAI-1. Consequently, the association between visceral obesity and elevated PAI-1 levels must be caused by other factors.
Elevated plasma levels of the cardiovascular risk factor PAI-1 are part of the metabolic disturbances that accompany obesity.
1,2 PAI-1 is the primary endogenous inhibitor of tissue-and urokinase-type plasminogen activators and the main determinant of fibrinolytic activity. 3 Increased PAI-1 plasma levels in obesity, and, in particular, an abdominal type of obesity, are responsible for the impaired fibrinolysis that accompanies visceral obesity and presumably contribute to the increased cardiovascular risk in (abdominal) obesity. Over and above, epidemiological studies identified PAI-1 plasma levels as early and independent predictors of insulin resistance and incident type 2 diabetes, 4,5 also characterizing PAI-1 as a biological marker for the metabolic risk profile that accompanies visceral obesity. Animal studies and in vitro data from human adipose tissue explants suggest a direct and relevant contribution of visceral adipose tissue to circulating PAI-1. 6, 7, 16 Yet, the observation of similar and minor PAI-1 mRNA expression in native human visceral and subcutaneous adipose tissue 7, 17, 18 is not consistent with such a mechanism. Moreover, we found strong indications that the observed PAI-1 release from adipose tissue explants on in vitro incubation relates to an incubation artifact and may not necessarily reflect the in vivo situation. Yudkin et al 14 previously pointed out that assessment of arteriovenous concentration differences has sufficient sensitivity to detect a relevant contribution of adipose tissue to plasma PAI-1 levels and, subsequently, Figure 2 The effect of a single bolus human growth hormone (hGH) (12 mU/kg) on plasma PAI-1 plasma levels in normal weight (below) and obese (above) individuals. Placebo: (white boxes), 12 mU hGH/kg: (gray boxes) at t ¼ 0. *Po0.01. Hyperinsulinemia is among the most prominent metabolic disturbances accompanying accumulation of visceral adipose tissue. Although insulin has been shown to induce PAI-1 expression in vitro, experimental in vivo data is less conclusive 30 and clinical studies by Scelles et al. 31 clearly
show that elevated PAI-1 levels are a unique feature of insulin resistance seen in obesity and are not observed in other forms of chronic insulin resistance. Moreover, epidemiological data from the prospective insulin resistance atherosclerosis study 4 as well as the diabetes offspring study 30 clearly show that increases in PAI-1 plasma levels precede development of insulin resistance in man and thus further argue against a causative relationship between elevated insulin levels and plasma PAI-1 levels. We used an experimental approach to test whether elevated PAI-1 levels in visceral obesity relate to increased FFA availability or GH deficiency. Short-term treatment with antilipolytic drug acipimox 15 has been shown to reduce FFA plasma levels and increase GH levels. 15 Yet, despite reduced plasma FFA levels, acipimox treatment did not influence plasma PAI-1 levels. Hence, these findings, along with the data from the short-term GH supplementation study, exclude increased FFA availability or the hyposomatropism of obesity as the direct cause of elevated PAI-1 levels in visceral obesity. Most of the individual components of the dyslipidemia accompanying visceral obesity have been associated with elevated PAI-1 levels. 32 Statistical analysis of the relationship between the individual components of the dyslipidemia and PAI-1 plasma showed strong positive relation between circulating PAI-1 levels and triglycerides on one hand and a negative relationship between HDL and plasma PAI-1 on the other. Incorporation of HDL cholesterol, triglycerides and visceral fat in a multiple regression analysis with PAI-1 as covariant identified triglycerides and HDL cholesterol as influential variables but excluded visceral fat mass as significant variable. This latter finding corroborates the experimental findings of this study and characterizes the association between visceral fat mass and plasma PAI-1 as indirect rather than causative. A critical question is whether the observed associations between triglycerides and HDL cholesterol, and plasma PAI-1 levels are causative (i.e., elevated triglycerides (very lowdensity lipoprotein) 33 and/or decreased HDL cholesterol are directly responsible for the elevated PAI-1 plasma levels) or, alternatively, whether the relationships reflect a common, more upstream, factor that is responsible for increased PAI-1 and triglycerides as well as decreased HDL cholesterol. Studies from fibrate-treated individuals show that fibrate treatment decreases triglyceride levels and increases HDL levels, yet these changes are not paralleled by reduced PAI-1 levels. 34, 35 Hence, these studies are thus not consistent with a causative relationship between triglycerides/HDL and PAI-1. This notion is further supported by partial regression analysis performed on the triglyceride/HDL PAI-1 data in this study that characterizes the respective associations between triglycerides and HDL cholesterol and plasma PAI-1 as independent, indicating that the apparent relationship between plasma PAI-1 and these variables reflect a common upstream variable.
In conclusion, our data exclude a direct association between visceral adipose tissue and plasma PAI-1 levels and confirm epidemiological data from Hanley et al., 4 showing that the relationship between visceral adipose tissue and plasma PAI-1 relates to a metabolic factor rather than an inflammatory factor. We speculated that this association might reflect PAI-1 production within the visceral fat compartment. Our data is not consistent with such a scenario, but rather suggests that the apparent relationship between plasma PAI-1 and visceral fat reflects covariation. 36 Alessi et al. 37 showed that elevated PAI-1 levels in obesity are more closely related to the extent of hepatic steatosis (nonalcoholic steatohepatitis) than to adipose tissue. Intrahepatic fat accumulation is strongly associated with visceral fat mass 38 and is associated with the features of the metabolic syndrome (including insulin resistance, elevated plasma PAI-1 and triglyceride levels and reduced HDL cholesterol), suggesting that intrahepatic fat accumulation itself, or the mechanism underlying hepatic fat accumulation in obesity, is the unknown upstream variable that is responsible for the association between PAI-1 and visceral adipose tissue.
